Background. The basidiomycete Rhodosporidium diobovatum is an oleaginous yeast capable of carotenoid synthesis. Scientific research on this yeast indicates that it can be a promising industrial producer of this pigment. The yeast is capable of assimilating numerous carbon substrates and it can grow under various, often extreme, environmental conditions. Wild strains can be isolated from soil, the depths of the sea and the surface of plants. They can grow both in the dark and in the presence of light. The aim of this study was to determine the capability of the Rh. diobovatum IMB Y-5023 yeast strain to produce and accumulate carotenoids when cultured on media with different carbohydrate concentration and composition and with low monosaccharide levels. The yeast was cultured at different illuminances. This research is of great theoretical and practical importance, because it may enable the use of various organic by-products from the agri-food industry as substrates for culturing Rh. diobovatum and for microbial production of carotenoids. This research also provides an opportunity to reduce the costs of the microbiological process by choosing optimal illuminance of the culture. Material and methods. Rhodosporidium diobovatum IMB Y-5023 was cultured on three test media: CM (carrot medium), BYP (wheat bran extract), and the YM medium with higher concentration of malt extract as the main source of oligosaccharides and with maltotriose added. Cultures were carried out at 22°C for 5 days at illuminance ranging from 0 to 5,000 lx. The carbohydrate composition of the media was determined before and after the culturing of Rh. diobovatum IMB Y-5023 by means of UHPLC coupled with tandem mass spectrometry (MS). The following parameters were also measured after culturing: biomass yield (DCW -dry cell weight, g/l), the concentration of carotenoids in the yeast biomass (mg/g DCW), the biomass yield coefficient (YX/S) Ielchishcheva, Iu., Stachowiak, B., Szwengiel, A., Bozhkov, A. (2017 292 and the carotenoid yield coefficient (YC/S). The samples were compared by means of cluster analysis (CA) and principal component analysis (PCA), which were used to visualise the relationships between the study variables and the samples. Results. The Rh. diobovatum IMB Y-5023 yeast strain grew and produced carotenoids on all the media. It assimilated the DP3 and DP4 oligosaccharides contained in the media. Regardless of the illuminance during culturing, the consumption of sugars in the test media remained at 90% or more. However, the concentration and type of carbohydrates in the test medium affected the course of their metabolism. Regardless of the illuminance, the highest concentration of pigments in the cells and the lowest yield of biomass were noted with YM. The initial concentration of sugars in that medium was three-four times greater than in the other test media, and their type was considerably diversified. The data clustering (CA) and principal component analysis (PCA) showed that the BYP and CM media (with similar initial sugar concentrations of 11-15 g/l) had similar influence on the yeast metabolism, whereas the measured variables were completely different in the cultures with the YM medium. Conclusions. The Rh. diobovatum IMB Y-5023 yeast strain is a promising industrial producer of carotenoids. It can effectively assimilate both monosaccharides and DP3 and DP4 oligosaccharides. It does not require illumination to grow and produce pigments effectively, especially when it is grown on media that have high sugar concentrations and are rich in oligosaccharides. The cost of industrial carotenoid production with Rh. diobovatum IMB Y-5023 can be reduced by using inexpensive by-products from the agri-food sector as a culture medium, and by eliminating the illumination of cultures.
Introduction
Yeasts hold a leading position among biotechnological resources as main producers of biomass rich in proteins, vitamins, various enzymes, and carotenoid pigments (Čar-necká, 2009; Latha and Jeevaratnam, 2010) . They are chemoorganotrophic organisms, capable of using a wide variety of substrates as nutrients (Marova et al., 2011) . Yeasts can be used in organic recycling processes to produce biomass rich in valuable substances (Buzzini and Martini, 1999) .
For this reason, the Basidiomycetes carotene-synthesising yeast Rhodosporidium diobovatum is of great biotechnological interest. It is known that the growth and carotenogenesis of yeasts can be affected by many factors: temperature, pH, aeration, light, as well as the nature and concentration of sources of carbon, nitrogen, minerals and vitamins (Libkind et al., 2008; Simova et al., 2004) . The type and concentration of carbon sources is one of the main factors limiting not only the growth of yeast cells, but also the synthesis of carotenoids. It is caused by the fact that carotenoid biosynthesis is regulated by various levels and activity of enzymes involved in full carbon metabolism through the system of carotenoid synthesis (Frengova and Beshkova, 2009) .
Rhodosporidium diobovatum can assimilate carbon sources such as: glucose, galactose, sucrose, maltose, cellobiose, trehalose, raffinose, inulin, xylose, arabinose, d-ribose, ethanol, and glycerol (Newell and Hunter, 1970) . It can grow not only on various media, but also under various environmental conditions. Its wild strains are found in the depths of the sea (Seshadri et al., 2011) , in soil and on the surface of plants i.e. in various envir- Ielchishcheva, Iu., Stachowiak, B., Szwengiel, A., Bozhkov, A. (2017 (Guo et al., 2014) . Thereby, it is very interesting to investigate the effect of light intensity on the yield of biomass and carotenoid synthesis as well as the carotenoid content during the growth of Rh. diobovatum on media with different compositions. It is known that there is dependence between light intensity and carotenogenesis (Stachowiak, 2013) . However, the microorganisms that are capable of synthesising these pigments differ in this dependence according to the conditions in their natural habitat and the function of carotenoids in the microorganism (Walter and Strack, 2011) .
The research on the capability of Rh. diobovatum IMB Y-5023 to grow and accumulate carotenoids on media with different concentration and composition of sugars and with low monosaccharide content is of great theoretical and practical interest. It may extend the range of organic by-products used as substrates for yeast culturing. Studies proved that Rh. diobovatum IMB Y-5023 could grow on waste produced by the alcohol industry, in particular on maize kernels (Goltvianskiy et al., 2015) .
This study presents how the carbohydrate concentration and composition of the culture medium and the illuminance (0-5,000 lx) affect the biomass and carotenoids produced by the Rh. diobovatum IMB Y-5023 yeast.
Material and methods

Microorganism and media
Rhodosporidium diobovatum IMB Y-5023 yeast was obtained from the Microorganism Depository of the D. K. Zabolotny Institute of Microbiology and Virology (Kiev, Ukraine). The stock culture was maintained on CM (carrot medium) agar slants (10% carrot extract, 10 g/l glucose, 10 g/l peptone, 1 g/l NaCl, 20 g/l agar; Stachowiak, 2012) at 4°C until use. The yeast was cultured on the following test media: (1) liquid СМ medium, (2) modified YM medium, consisting of 10 g/l glucose, 5 g/l maltotriose, 5 g/l peptone, 3 g/l yeast extract and 25 g/l malt extract, and (3) BYP medium (Goltvianskiy et al., 2015) . The BYP medium was obtained as follows. The mycelia of Pleurotus ostreatus HK-35 (provided by the Department of Vegetable Crops, Poznań University of Life Sciences, Poland) were transferred into 300 ml of 3% offal extract enriched with 10 g/l yeast extract in a one-litre flask. The offal extract was obtained by thermal treatment of a mixture of offal and water at 121°С for 90 min (in an autoclave). The culture was kept at 25°C without shaking. After 2 days, the mycelium was removed by filtering. Next the culture medium was heated for 5 min at 100°С. The resulting filtrate was the BYP medium.
The pH of all media was adjusted to 5.0.
Cultivation
Yeast grown on a CM agar slant was washed with 10 ml of the test medium and the resulting suspension was transferred to 50 ml of fresh test medium in a 300 ml flask. The culture was kept in the dark at 22°C for 2 days. Next, 5 ml of the inoculum culture was transferred to 45 ml of an appropriate test medium. The cultures were grown in Ielchishcheva, Iu., Stachowiak, B., Szwengiel, A., Bozhkov, A. (2017 294 a thermostat chamber with a phytotron (ST 700 Fit, Pol-Eko-Aparatura, Poland) at 22°C for 5 days, in orbital shakers (agitation speed 150 rpm) at illuminance ranging from 0 to 5,000 lx. Lamps (Philips, Netherlands) emitting light close to natural daylight were used as light sources. Four Master TL5 HO 24W/840 lamps were used in a sequence in overhead racks. The light intensity was controlled using a TES 1335 luxmeter (TES Electrical Electronic Corp., Taipei, Taiwan).
Carbohydrates in test media
The concentration and composition of carbohydrates in the test media were determined at the beginning and at the end of Rh. diobovatum IMB Y-5023 cultivation. The following method was applied: 10 ml of the culture was centrifuged (15 min, 3,500 g), methanol was added (1 : 4) to the supernatant and the sample was left in the refrigerator overnight. Then it was filtered through a 0.45 µm membrane Millipore filter (Merck Millipore, MA, USA) to separate large molecules and cell aggregates. The content of simple carbohydrates (monosaccharides and oligosaccharides) in the resulting samples was determined using ultrahigh-performance liquid chromatography with tandem mass spectrometry (LCMS). The carbohydrates were separated using an UltiMate 3000 UHPLC (Dionex Softron GmbH, part of Thermo Fischer Scientific Inc., Germany) with a column of RCM-Monosaccharide Ca +2 (8%) at 80°C (Phenomenex). The analysis was continued with a maXis impact mass spectrometer (Bruker Daltonik GmbH, Germany). The details of chromatographic separation and the ESI-MS settings were described in detail by Gumienna et al. (2016) .
Carotenoid extraction and analysis
Carotenoid pigments were extracted from the yeast cells using the method described by Sedmak et al. (1990) , as modified by Stachowiak (2012) . 10 ml of the culture was centrifuged (15 min, 3,500 g) and the pellet was resuspended in 5 ml of DMSO (Sigma--Aldrich, USA) and preheated to 55°C. After centrifuging for 30 s, 5 ml of the hexane fraction of petroleum (POCh, Gliwice, Poland) was added. The samples were centrifuged for 30 s again and 20% NaCl aqueous solution was added in aliquots of 0.5 ml. The upper hexane fraction with the extracted pigments was separated by centrifugation (15 min, 3,500 g). Total carotenoid concentrations were quantified spectrophotometrically at 450 nm, where β-carotene (Sigma-Aldrich, USA) was used as the standard.
The dry cell weight (DCW) was determined (grams per 1 l of growth medium), and the carotenoids were expressed as milligrams per 1 g DCW.
Statistical analysis
All the experiments were performed in triplicates. Hierarchical cluster analysis (CA) was applied (the Ward rule with the Euclidean distance measure was used for amalgamation). The data were presented in the new coordinate system and principal component analysis (PCA) was applied. Statistica version 10 (StatSoft Inc., OK, US) was used for data processing. Ielchishcheva, Iu., Stachowiak, B., Szwengiel, A., Bozhkov, A. (2017 
Results
The composition of carbohydrates in the initial test media
The media differed in the total content of carbohydrates and their profiles ( Table 1) . The YM medium contained three times more sugar than the CM medium, and about four times more than the BYP medium. The YM medium contained a wide variety of carbohydrates, but mostly trisaccharides (68.3%) and glucose (22%). The СМ medium contained mainly glucose (66.5%), a small amount of sucrose (18%) and fructose (14.4%). The BYP medium mostly contained trisaccharides (82.9%) and tetrasaccharides (11.9%). The composition of carbohydrates in the test media after the culturing of Rhodosporidium diobovatum IMB Y-5023 in the dark and under various illuminances Table 2 shows the amount of total sugars and their composition after 5 days of Rh. diobovatum IMB Y-5023 culturing on the test media.
The sugars were totally consumed in the cultures grown on the BYP medium, irrespective of the illuminance. Ielchishcheva, Iu., Stachowiak, B., Szwengiel, A., Bozhkov, A. (2017 Glc -glucose, Fru -fructose, Rib -ribose, DP2 -disaccharides, DP3 -trisaccharides, DP4 -tetrasaccharides, DP5 -pentasaccharides, DP6 -hexasaccharides, ∑S -total sugars, t/a -trace amount.
The consumption of sugars in the cultures grown on the YM and CM media at 750 lx amounted to 94% and 87%, respectively. The YM medium chiefly contained DP4. The CM medium mostly contained glucose and sucrose. Sugars were almost completely consumed (97-99%) in the other cultures in both media, regardless of illuminance. 
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The growth and production of carotenoids by Rhodosporidium diobovatum IMB Y-5023 in the test media in the dark and under different illuminances Table 3 shows the biomass yield (DCW, g/l), the concentration of carotenoids in the yeast biomass (mg/g DCW), the biomass yield from the substrate coefficient (YX/S) and the carotenoid yield from the substrate coefficient (YC/S) after 5 days of cultivation on the test media. The lowest DCW ranged from 3.1 to 3.9 g/l. It was noted in the cultures grown on the YM medium. The lowest value was noted for the cultures grown in the dark, whereas the highest values were observed for those grown at 5,000 lx. Simultaneously, the YX/S values were very low (0.07-0.08), although the yeast consumed almost all sugars. The highest concentration of carotenoids in the yeast cells was noted in the cultures grown on this medium although the production was affected by the illuminance. The cultures grown at illuminances of 0-750 lx gave the highest cellular yields of carotenoids. They were about four-five times greater than those given by the cultures grown on the CM Ielchishcheva, Iu., Stachowiak, B., Szwengiel, A., Bozhkov, A. (2017) . Carbohydrate components of culture media as determinants of the Rhodosporidium diobovatum IMB Y-5023 yeast metabolism. Nauka Przyr. Technol., 11, 3, 291-303. http://dx.doi.org/10.17306/J.NPT.00210 298 and BYP media under the same conditions. The carotenoid synthesis was significantly reduced in the cultures grown on the YM medium at high illuminance levels (2,000 and 5,000 lx). The YC/S values in the cultures grown on the YM medium depended on the illuminance. When the illuminance increased, the YC/S values decreased.
Simultaneously, regardless of the lighting conditions, the DCW in the Rh. diobovatum IMB Y-5023 cultures grown on the СM medium was two and a half times greater than in the cultures grown on the YM medium. Moreover, the YX/S values in the cultures grown on the CM medium were approximately ten times greater than in those grown on the YM medium. The highest YX/S value (0.68) was noted in a culture grown at an illuminance of 750 lx.
The highest cellular yield of carotenoids (7 mg/g DCW) and the highest YC/S value (0.48) in the cultures grown on the CM medium was noted at an illuminance of 5,000 lx. The yields of carotenoids and YC/S value were respectively lower or similar in the cultures grown at lower illuminances.
In the cultures grown on the BYP medium the biomass yield and YX/S values were lower at higher illuminances. The DCW in the cultures grown on the BYP medium in the dark was almost twice as high as in the cultures grown at 2,000 and 5,000 lx. The highest cellular yield of carotenoids was noted in the culture grown at 750 lx. The YC/S value was 0.75.
Discussion
The research showed that Rh. diobovatum IMB Y-5023 consumed different carbohydrates, including DP3 and DP4 oligosaccharides. The illuminance had almost no effect on the amount of sugars consumed during culturing. However, the composition of the medium and the amount of sugar it contained determined the course of sugar metabolism, affecting the yield of biomass and carotenoids as well as the YX/S and YC/S values ( Table 3) .
The CA and PCA were performed in order to illustrate the overall relationship between sugars, biomass and carotenoids after 5 days of culturing on the media.
The parameters of the samples were compared by means of CA and PCA and listed in Tables 2 and 3 (Fig. 1, 2B) . The BYP and CM media, which had similar initial sugar contents of 11-15 g/l, had similar effects on the metabolism of Rh. diobovatum IMB Y--5023. However, the parameters were completely different in the cultures grown on the YM medium, where the sugar levels were three-four times greater (Fig. 1, 2B) .
The results of the PCA (Fig. 2) show the dependence between the variables and their impact on individual samples. The maximum carotenoid concentration in the yeast cells grown on the YM medium was positively correlated with the assimilation of sugars ( Fig. 2A) . However, the conversion of sugars into DCW was the highest in the CM medium, whereas the conversion of sugars into carotenoids was the highest in the BYP medium at high illuminance.
It is known that the reaction of fungi to light depends on the source of carbon (Schuster et al., 2007; Tisch and Schmoll, 2010) . Light is considered to be the main factor triggering fungal metabolic processes, especially the carotenoid synthesis. How- Tables 2 and 3 . Clusters were identified using the k-means procedure with the V-fold cross-validation algorithm ever, some metabolic processes primarily depend on the source of carbon, where light is a catalysing factor only (Friedl et al., 2008) . Table 3 shows the results of our research. As can be seen, light intensity affected the synthesis of cellular biomass and the amount of carotenoids synthesised in the Rh. diobovatum IMB Y-5023 cultures. However, cellular metabolism was chiefly influenced by the composition of the culture medium, especially by the concentration of sugars in the medium before fermentation. Ielchishcheva, Iu., Stachowiak, B., Szwengiel, A., Bozhkov, A. (2017 
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The differences in the production of biomass and pigments by Rh. diobovatum IMB Y-5023 may have been caused by other components of the test media and by the development of different metabolic pathways in Rh. diobovatum IMB Y-5023 cells. The nitrogen content in the medium and the C/N ratio significantly affect the metabolism of oleaginous yeasts such as Rh. diobovatum. A high C/N ratio stimulates lipid storage, whereas a low C/N ratio results in significant overproduction of carotenoids (Taskin et al., 2011) . Rhodosporidium diobovatum IMB Y-5023 may have produced some lipids in the cultures grown on the BYP medium, as indicated by the mucous consistency of the centrifuged yeast biomass pellets. The measurement of the C/N ratio in the test media seems to be a key issue in future studies on Rh. diobovatum IMB Y-5023.
Conclusions
1. Rhodosporidium diobovatum IMB Y-5023 yeast can grow and produce carotenoids in low-glucose media and it is capable of assimilating DP3 and DP4 oligosaccharides. The cost of industrial carotenoid production with Rh. diobovatum IMB Y-5023 can be reduced by using inexpensive by-products from the agri-food industry as growth media.
2. Rhodosporidium diobovatum IMB Y-5023 can be cultured in the dark. Illuminance was shown to have almost no effect on the amount of sugars consumed during the growth of yeast on the test media. The costs of illumination of the cultures can be eliminated.
3. The concentration of assimilable carbohydrates in the test media before culturing noticeably influenced the nature of metabolism of the sugars consumed by Rh. diobovatum IMB Y-5023. Regardless of the illuminance, the highest cellular yields of carotenoids and the lowest biomass yields were noted in the cultures grown on the YM, where the concentration of sugars was three-four times greater than in the other test media, and where the carbohydrates profile was considerably diversified. The data clustering analysis showed that the culture media with similar initial sugar contents of 11-15 g/l (BYP and CM) had similar effect on the metabolism of Rh. diobovatum IMB Y-5023, while the measured variables were completely different in the cultures grown on the YM medium.
